Introduction
Fabrication of new two-dimensional (2D) materials using molecular self-assembly on substrate surfaces has attracted attention for future applications such as ultra-thin electronic and optoelectronic devices. 1 In general, molecular self-assembly on surfaces is governed by the balance between moleculesubstrate and molecule-molecule interactions. In particular, in the case of weak molecule-substrate interactions, non-covalent molecule-molecule interactions become dominant for selfassembly. One of the key interactions for forming well-ordered 2D molecular structures is the hydrogen bond, because of not only its strong non-covalent interactions but also its selective and directional nature, unlike van der Waals interactions. [2] [3] [4] For example, the terephthalic acid (TPA) molecule, which has two carboxyl groups at the para positions of a benzene ring, forms self-assembled monolayers on highly oriented pyrolytic graphite (HOPG). 2, 3 Because of the weak molecule-substrate interaction, the TPA molecules assemble in a well-defined 2D molecular structure with a hydrogen bonded network between the carboxyl groups. Based on the hydrogen bond, the various non-covalent 2D molecular structures such as porous honeycombs, kagome, twin rows, rectangles and clips have been widely studied. [1] [2] [3] [4] [5] [6] [7] [8] Recently, to further control 2D molecular structures, the simultaneous use of not only hydrogen bonds but also other non-covalent interactions has become an intriguing research topic. Currently, as another candidate molecule-molecule interaction, the halogen bond has attracted significantly attention. The halogen bond is a directional non-covalent interaction involving halogen atoms and steams from the anisotropic distribution of the electron of the halogen atoms. [9] [10] [11] [12] Typical bonding energies of hydrogen bonds are from 1 to 167 kJ/mol depending on their environment, 15 while halogen bonds are from 6 to 180 kJ/mol. [9] [10] [11] [12] [13] [14] Although typical halogen bonds are relatively weak compared with hydrogen bonds, it has shown that, in some cases, the strength of halogen bonds can surpass classical hydrogen bonds, resulting in halogen bonds being the dominant driving force in the three-dimensional crystallization of organic molecules and the association of biological molecules. 16, 17 From this viewpoint, using halogen bonds for assembling 2D molecular structures has advanced in recent years. For example, there have been studies on the effect of the halogen bond on 2D self-assembled monolayers, showing that halogen bonds, such as X … X, X … aryl and X … H-C (X: halogen atoms), behave as the primary interactions that control molecular assembly. [18] [19] [20] [21] [22] [23] [24] [25] [26] However, although research related to 2D molecular self-assembly involving either hydrogen or halogen bonds has already been reported, there have been few experimental studies on 2D molecular selfassemblies formed by both hydrogen and halogen bonds. It is valuable for obtaining the knowledge in the viewpoint of not only fundamental understanding of liquid-solid interface but also further development of 2D molecular assembly. In this study, we investigate the influence of the simultaneous use of hydrogen and halogen bonds on 2D molecular structures using scanning tunnelling microscopy (STM).
The molecular structures of TPA, 2-bromoterephthalic acid (BTPA), and 2,5-dibromoterephthalic acid (DBTPA) are shown in Fig. 1 . All the molecules have two carboxyl groups, while BTPA and DBTPA are modified with one and two bromo groups, respectively. These molecules were dissolved in heptanoic acid, which is an insulator with low vapor pressure and consequently enables stable and prolonged STM measurements. A droplet of the saturated solution (~100 µL) was deposited on freshly cleaved HOPG (grade ZYB; advanced Ceramics Inc., Cleveland, OH, USA). STM investigations were performed with a Nanoscope IIIa scanning probe microscope system (Bruker, Billerica, USA) in aqueous conditions. All STM images were obtained in constant height mode using a mechanically-cut Pt/Ir tip. To assign the origin of the molecular packing structure, the STM images were compared with those of molecular orbital and electrostatic potential calculations. These calculations for all the molecules were performed using density functional theory with the B3LYP functional and 6-31G (d,p) set in Gaussian 09.
Results and discussion
Figure 2(a)-(c) shows large-scale STM images of selfassembled TPA, BTPA, and DBTPA monolayers on HOPG. In the case of TPA, homogeneous monolayer formation was observed over all of the surface ( Fig. 2(a) ), which is good agreement with previous results. 6 In contrast to the TPA monolayer, both BTPA and DBTPA formed inhomogeneous monolayers consisting of several small domains (Figs. 2(b) and (c)). These differences were not surprising given the differences of the intermolecular interactions in the monolayers.
To analyze the intermolecular interactions in detail, the origin of the molecular packing structures was investigated. STM analysis revealed that there is significant bias polarity dependence in the STM images. Figure 3 (a)-(f) shows biasdependent high-resolution STM images of TPA, BTPA, and DBTPA. In the case of TPA, an distinct benzene ring structure was obtained for both positive and negative sample bias, and there was no strong bias polarity dependence ( Fig. 3 (a) and (b)). Conversely, BTPA and DBTPA showed significant bias polarity dependence. For positive sample bias, both samples showed obscure STM images (Fig. 3(c) and (e)), whereas clear STM images were always obtained at negative sample bias. One and two relative bright spots adjacent to the unclear benzene rings were repeatedly observed for BTPA and DBTPA molecules (Figs. 3(d) and (f)), respectively. It is well-known that STM images show not only the topographic structure but also the electronic structure of the molecules. For positive sample bias, tunnel electrons flow from the tip to unoccupied sample states, and consequently the STM images indicate the lowest unoccupied molecular orbital (LUMO) of the sample. While for negative sample bias, the electrons flow from occupied sample states to the tip, showing the highest occupied molecular orbital (HOMO) of the sample in the STM image. This strongly suggests that the observed bias polarity dependence of the STM images reflects the difference of the HOMO and LUMO for each molecule.
To understand the observed bias-dependent STM features and consequently determine the molecular packing structure, molecular orbital calculations were performed for each molecule. Figure 4 shows the calculated LUMOs and HOMOs of the isolated TPA, BTPA, and DBTPA molecules. For all of the molecules, the calculations found that the LUMO states are distributed over the whole molecule, and most unoccupied states are located around the π orbital of the benzene ring (Figs.  4(a) , (c), and (e)). On the other hand, the HOMOs are distributed not only over the benzene ring but also on the bromine groups, and, in particular, the HOMOs of the bromine groups of BTPA and DBTPA possess high electron density (Fig. 4(b) , (d), and (f)). STM images of TPA at both negative and positive sample bias showed the benzene ring structures, suggesting that they reflect the LUMO and HOMO states of the benzene ring. In the case of BTPA and DBTPA, negative sample bias (HOMO state) STM images showed clear molecular images with one and two spots adjacent to the benzene rings, respectively, which are consistent with the calculated HOMO states (Fig. 4(d) and (f) ). Self-assembled monolayers of halogen-substituted alkane chains or benzene derivatives on HOPG have been previously studied, and the bias-dependence of the STM images was investigated. [25] [26] [27] Lee et al. showed that the halogen groups could be observed as relatively bright spot in the STM images with negative sample bias (HOMO state), suggesting an enhancement in the tunneling current through the HOMO state of the halogen groups. 27 The mechanism has been proposed that high atomic polarizability of halogen atom reduces the substrate work function and energy level of the HOMOs by weak coupling of orbitals, leading to an increase of resonance tunneling current. [25] [26] [27] From these results, we can conclude that the observed relatively bright spots adjacent to the benzene rings in STM images are definitely bromo groups of BTPA and DBTPA. On the other hand, unclear STM images were acquired at positive sample bias (LUMO state). The reason for this is still unclear, and further investigation is being undertaken.
Based on the interpretation of the bias dependent STM images and molecular orbital calculations, proposed molecular packing structures are given in Fig. 5 , and the lattice parameters are summarized in Table 1 . For the TPA monolayer, owing to two hydrogen bonds between adjacent carboxyl groups, the TPA molecules form a one-dimensional (1D) linear structure, which is good agreement with previous results. 2 Since carboxyl groups can act as both a donor and acceptor for hydrogen bonds, and hydrogen bonds are stronger than van der Waals forces, formation of a 1D non-covalent network becomes possible (Figs. 5(a) and (d) ). Such structures assemble in parallel to each other because of van der Waals forces between adjacent structures, and a stable homogeneous monolayer can be formed in a seamless manner, as shown Figs. 2(a) and (b) .
In case of the BTPA monolayer, which has a bright spot for each molecule in negative bias STM image (Fig. 3(d) ), structural analysis strongly indicate that the framework of the non-covalent interactions in the monolayer consists of two types of interactions: two halogen bonds between bromine and oxo groups (in the carboxyl group) (Br … O=C), bromine and hydroxyl groups (in the carboxyl group) (Br … OH) and hydrogen bonds between adjacent carboxyl groups (Figs. 5(b) and (e)). To prove the validity of the proposed model, electrostatic potentials of an isolated BTPA was also investigated by using DFT calculation, and molecular electrostatic potential maps of BTPA is shown in Fig. 6(a) . Calculation showed that tips of bromine atoms have more positive electrostatic potential compared to equatorial areas around the bromine atoms. These polarizations are referred to as σ-hole and gives origin to halogen bonds. [9] [10] [11] [12] On the other hand, two oxygen atoms in carboxyl group have negative electrostatic potential. Thus, positive regions of bromine atoms are able to electrostatically interact with the negative part of the oxygen atoms in carboxyl groups of neighbouring molecules, indicating the halogen bonds formation of Br … O=C and Br … OH. It has been also reported that the Br … O=C and Br … OH halogen bonds play an important role in the association of 2D molecular assembly and biomolecules. [28] [29] [30] These results strongly support the molecular packing structure of BTPA proposed by STM image (Figs. 5(b) and (e) ). Unlike the TPA monolayer, the BTPA monolayer is characterized as a 1D non- covalent ladder-like network structure (Fig. 5(e) ). Bromine atoms form halogen bonds with oxygen atoms in the carboxyl groups in adjacent molecule, contributing to the 1D ladder-like network formation with the hydrogen bond in the BTPA monolayer.
Structural analysis of the DBTPA monolayer was also performed to elucidate the framework of the non-covalently bonded structure. From the structural analysis, it is expected that neighbouring DBTPA molecules interact with hydrogen and halogen bonds, and a 2D non-covalent lattice network structure is formed (Figs. 5(c) and (f) ). Electrostatic potential of DBTPA is also shown in Fig. 6(b) . As with BTPA molecule, there are the positive electrostatic potential at the tips of bromine atoms and the negative electrostatic potential at the regions of oxygen atoms for DBTPA. These calculation results support that two hydrogen bonds are formed between two adjacent carboxyl groups, and in addition, two bromine and oxo groups in the carboxyl groups are also bound by Br … O=C halogen bonds. Since Br … O=C halogen bonds participate as intermolecular interaction, it is suggested that DBTPA molecules form the 2D non-covalent lattice network structure (Fig. 5(f) ). BTPA and DBTPA monolayer analyses showed that each monolayer form different non-covalent network structure as shown Fig. 5 (e) and (f). The difference strongly indicates that the addition of Br group in molecule tends to create new directional and halogen bonds with oxygen atoms, causing the significant structural change. To gain further insight of role of the halogen bond, it is also important to study control experiments using molecules replaced bromine groups with carboxyl groups. These investigations are now in progress. The influence of halogen bonds between Br substituted molecules on 2D self-assembled monolayers was investigated, and it showed that Br … Br and Br … H bonds play an important role in molecular assembly. 17 Our results demonstrate that in the case of Br and COOH co-substituted molecules, Br atoms interact with O atoms in carboxyl group, and Br … O halogen and hydrogen bonds cooperatively assemble 2D molecular structure. The influence of coexistence of such halogen and hydrogen bonds upon 2D molecular structure formation has not been previously reported. The present findings provide new knowledge for designing novel 2D molecular structures.
Conclusions
The effect of hydrogen and halogen bonds on 2D molecular arrangements was investigated using STM and molecular orbital calculations. TPA, BTPA, and DBTPA molecules were assembled, and the monolayer arrangements were confirmed by STM. We found that there is strong bias polarity dependence of the STM images for BTPA and DBTPA monolayers. In the case of negative sample bias, unclear STM images were obtained, whereas positive sample bias gave clear molecular structures with relatively bright spots adjacent to the benzene rings. Molecular orbital calculations showed that the observed bright spots correspond to HOMO states of Br groups, allowing identification of the position of bromine groups in the molecule. Based on these results, the detailed packing structures were determined. In case of TPA, which is modified by carboxyl groups at the para positions of the benzene ring, a 1D linear non-covalent network structure was observed with two hydrogen bonds between adjacent carboxyl groups. However, unlike TPA, BTPA and DBTPA, which are modified by both carboxyl and bromine groups on the benzene ring, showed significantly different non-covalent network patterns.
Our results revealed that in the case of Br and COOH cosubstituted molecules, halogen and hydrogen bonds collaboratively create 2D molecular structures. These results suggest that the coexistence of various halogen and oxygen containing functional groups, such as hydroxyl, carbonyl, and carboxyl groups, in molecules would allow the precise design of desired 2D molecular structures. These findings will be of fundamental importance for material design and open up opportunities for tailoring novel 2D materials.
